The tensile tests and the Erichsen tests at room temperature have been performed on seven kinds of Mg alloys: Mg-1.5Zn, Mg-1.5Zn-0.1Ca, Mg-3Zn, Mg-3Zn-0.1Ca, Mg-3Al, Mg-3Al-0.1Ca and Mg-1Al-1Zn-0.1Ca-0.5Mn alloys. In the Mg-Zn alloys, the 0.2% proof stress at 90
Introduction
Alloying generally strengthens metallic materials because movement of dislocations is retarded by interactions with solute atoms in solid-solution alloys. However, there is a trade-off relation between the strength and the ductility, and the formability is often reduced by alloying. However, it has been recently reported that addition of specific elements such as Ce, Y and Ca give rise to a significant enhancement in stretch formability at room temperature in Mg alloys. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] For example, Mg-1.5 mass%Zn-0.1 mass%Ca alloy exhibited a large Erichsen value of 8.2 at room temperature. 5) This value is comparable with the stretch formability of commercial wrought aluminum alloys. 11) In general, because the critical resolved shear stresses for nonbasal slips are much larger than that for the basal slip 12, 13) and the non-basal slips hardly occurs at room temperature in Mg based materials, they exhibit poor plastic formability at room temperature. The finding of enhanced stretch formability at room temperature in the Mg alloys is attractive for commercial applications. In particular, the Mg-Zn-Ca alloy is most desirable because Ca is abundant resources in the earth's crust (high Clarke number) and available throughout the world.
The elongation to failure can be enhanced by the grain size refinement in Mg. 14, 15) However, the stretch formability at room temperature more strongly depends on the (0002) texture than the grain size. 16, 17) Hence, the enhanced stretch formability by the addition of the specific elements is attributed to the unique basal texture: a reduction in basal texture intensity and a tilt of the basal poles to the TD. 2, 3, 5, 6, 8, 10, 18, 19) A recent work 10) showed that the addition of Ca in Mg-Zn alloy gave rise to the formation of the unique texture, while the unique basal texture was not formed by addition of Ca in pure Mg. Thus, effects of Ca are complicated. However, there are too few data to understand the effects of Ca, and furthermore researches are needed.
In the present work, tensile tests and Erichsen tests at room temperature are performed on the Mg alloys: Mg-Zn, Mg-Zn-Ca, Mg-Al, Mg-Al-Ca, Mg-Al-Zn-Ca-Mn alloys to compare effects of Ca on the tensile properties and stretch formability of Mg-Zn alloy with those of Mg-Al alloy.
Experimental Procedure
Extrusions of Mg-1.5 mass%Zn (Mg-1.5Zn) alloy, Mg-1.5 mass%Zn-0.07 mass%Ca (Mg-1.5Zn-0.1Ca) alloy, Mg-3.0 mass%Zn (Mg-3Zn) alloy, Mg-3.0 mass%Zn-0.12 massCa (Mg-3Zn-0.1Ca) alloy, Mg-2.9 mass%Al (Mg-3Al) alloy, Mg-2.9 mass%Al-0.11 mass%Ca (Mg-3Al-0.1Ca) alloy and Mg-1.4 mass%Al-0.9 mass%Zn-0.09 mass%Ca-0.7 mass%Mn (Mg-1Al-1Zn-0.1Ca-0.5Mn) alloy were prepared. After the alloys were heated in a furnace, unidirectional rolling was performed at a rolling reduction of 20%. The heating temperature was 723 K for the Mg-1.5Zn, Mg-1.5Zn-0.1Ca, Mg-3Al and Mg-3Al-0.1Ca alloys, 743 K for the Mg-1Zn-1Al-0.1Ca-0.5Mn alloy and 623 K for the Mg-3Zn and Mg-3Zn-0.1Ca alloys, respectively. The heating and rolling treatments were repeated, and the alloys were rolled to a thickness of 1 mm. The rolling direction was perpendicular to the extrusion direction. Finally, the rolled alloys were annealed at 623 K for 5:4 Â 10 3 s. The microstructures of the rolled and subsequently annealed Mg alloys and the as-rolled Mg alloys were investigated by optical microscopy. The grain size of the specimens was determined by the intercept method. 20) The (0002) plane pole figure of the rolled and subsequently annealed Mg alloys and the as-rolled Mg alloys at the center through a thickness was investigated by Schulz reflection method. The data was normalized using powder Mg data.
Tensile specimens with 10 mm gage length, 5 mm gage width and 1 mm gage thickness were machined from the rolled and subsequently annealed Mg alloys. Tensile tests were carried out with an initial strain rate of 1:
where the angle between the tensile direction and the RD was set to 0, 45 and 90 . Dislocations in the Mg-1.5Zn-0.1Ca alloy tensile-deformed to 1%, where the angle between the tensile direction and the RD was set to 90 , were observed by Transmission Electron Microscope (TEM). The incident beam direction was set parallel to either the ½01 1 10 direction or the ½ 2 2110 direction. A circular blank with a diameter of 60 mm was machined from the rolled and subsequently annealed specimens. Erichsen tests using a hemispherical punch with a diameter of 20 mm were carried out at room temperature to investigate the stretch formability of the specimens, and Erichsen value (IE), which was the punch stroke at fracture initiation, was measured. The punch speed and blank holder force were 5 mm/min and 10 kN, respectively. Graphite grease was used as the lubricant.
Results

Microstructure
Microstructures of the rolled and subsequently annealed Mg-Zn and Mg-Zn-Ca alloys are shown in Fig. 1 , where (a) is the Mg-1.5Zn alloy, (b) is the Mg-1.5Zn-0.1Ca alloy, (c) is the Mg-3Zn alloy and (d) is the Mg-3Zn-0.1Ca alloy. The grains were almost equiaxed in the Mg alloys. The grain size was 63 mm for the Mg-1.5Zn alloy, 32 mm for the Mg-1.5Zn-0.1Ca alloy, 56 mm for the Mg-3Zn alloy and 40 mm for the Mg-3Zn-0.1Ca alloy, respectively. The grain sizes for the Mg-Zn-Ca alloys were smaller than those for the Mg-Zn alloys. On the other hand, there was a minor effect of Zn concentration on the grain size.
Microstructures of the rolled and subsequently annealed Mg-Al, Mg-Al-Ca and Mg-Al-Zn-Ca-Mn alloys are shown in Fig. 2 , where (a) is the Mg-3Al alloy, (b) is the Mg-3Al-0.1Ca alloy and (c) is the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy. The grains were almost equiaxed in the Mg alloys. The grain size was 60 mm for the Mg-3Al alloy, 30 mm for the Mg-3Al-0.1Ca alloy and 19 mm for the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy, respectively. The grain size of the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy was the smallest in the Mg alloys investigated. This is due to precipitates of second phase particles such as Al 8 Mn 5 , 21) which effectively pin a grain growth during hot rolling, in AZ series alloys. The grain size of the Mg-Al-Ca alloy was smaller than that of the Mg-Al alloy. This trend was found in the Mg-Zn and Mg-Zn-Ca alloys, indicating that addition of Ca suppressed grain growth. Few precipitates were observed in the Mg-Zn-Ca alloy. 5, 10) Similarly, precipitates were hardly observed in the Mg-Al-Ca alloy. In the casting process, Ca addition in Mg alloy is known to be effective for grain refinement, because segregation of Ca at the front of grain growth forms a non-negligible constitutional undercooling in a diffusion layer ahead of the advancing solid/liquid interface and then restricts the grain growth and promotes the nucleation of the primary Mg. 22, 23) It is suggested that the segregation of solute Ca atoms in Mg alloy may suppress the grain growth not only of the solid/liquid interface but also solid/solid interface (grain boundaries). Further search is needed to understand effects of Ca on grain growth during rolling and annealing processes.
The (0002) pole figures of the rolled and subsequently annealed Mg-Zn and Mg-Zn-Ca alloys are shown in Fig. 3 , where (a) is the Mg-1.5Zn alloy, (b) is the Mg-1.5Zn-0.1Ca alloy, (c) is the Mg-3Zn alloy and (d) is the Mg-3Zn-0.1Ca alloy. The intensities of basal texture for the Mg-Zn-Ca alloys were much lower than those for the Mg-Zn alloys. Clearly, addition of Ca suppressed the formation of basal texture. In addition, the basal poles were split toward the TD in the Mg-Zn-Ca alloys. On the other hand, the basal texture was intense and the level curves of texture intensity were broadened to the RD, not to the TD, in the Mg-Zn alloys. The characteristics of a reduction in basal texture intensity and a split of the basal poles to the TD were found in both the Mg-1.5Zn-0.1Ca and the Mg-3Zn-0.1Ca alloys, which was independent of the Zn concentration. The previous work 10) showed that the level curves of basal texture intensity were broadened to the RD in the Mg-Ca alloy containing no Zn, although the intensity of basal texture was low, where the maximum value of basal texture intensity was 5.6. Therefore, it seems that Zn has an effect of tilting the basal planes to the RD, but no effect of reducing the basal texture intensity, while Ca has effects of tilting the basal planes to the RD and reducing the basal texture intensity. It is noted that the basal poles were split to the TD by the addition of both Ca and Zn, although the basal planes tended to be tilted to the RD by the addition of either Ca or Zn. The split of basal poles to the TD was more prominent in the Mg-3Zn-0.1Ca alloy than in the Mg-1.5Zn-0.1Ca alloy. Therefore, it is suggested that an interaction of Ca and Zn atoms plays an important role in splitting of basal poles to the TD. The basal poles were split to the TD in the Mg-Zn-Ce alloy, 2) while they were split to the RD in the Mg-Ce alloy. 24) The trends for the Mg-Ce and Mg-Zn-Ce alloys are the same as those for the Mg-Ca and Mg-Zn-Ca alloys.
The (0002) pole figures of the rolled and subsequently annealed Mg-Al, Mg-Al-Ca and Mg-Al-Zn-Ca-Mn alloys are shown in Fig. 4 , where (a) is the Mg-3Al alloy, (b) is the Mg-3Al-0.1Ca alloy and (c) is the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy. The basal texture was intense and the level curves of texture intensity were broadened to the RD in the Mg-Al alloy, indicating that Al has an effect of tilting the basal planes to the RD, but no effect of reducing the basal texture intensity. These effects of Al are the same as those of Zn. The intensity of basal texture for the Mg-Al-Ca alloy was lower than that for the Mg-Al alloy. However, a reduction in basal texture intensity by addition of Ca was lower in the Mg-Al alloy than in the Mg-Zn alloys. In addition, the basal planes were titled toward the RD in the Mg-Al-Ca alloy. Therefore, it is suggested that tilting of basal planes to the TD is induced by an interaction of Ca and Zn atoms, not by an interaction of the Ca and Al atoms. It is noted that an interaction between solute atoms is crucial in tilting the basal planes to the TD.
Tensile properties
The nominal stress-nominal strain curves at 0, 45 and 90
for the rolled and subsequently annealed Mg-Zn and Mg-ZnCa alloys are shown in Fig. 5, where (a) is the Mg-1.5Zn alloy, (b) is the Mg-1.5Zn-0.1Ca alloy, (c) is the Mg-3Zn alloy and (d) is the Mg-3Zn-0.1Ca alloy. The lowest 0.2% proof stress was found at 0 and the largest one was found at 90 for the Mg-Zn alloys. The 0.2% proof stress at 0 was increased by addition of Ca, but the 0.2% proof stresses at 45 and 90
were decreased by addition of Ca. A decrease in 0.2% proof stress by addition of Ca was larger at 90 than at 45
. As a result, the lowest 0.2% proof stress was found at 90 and the largest one was found at 0 for the Mg-Zn-Ca alloys. The variations in 0.2% proof stress by addition of Ca correspond to tilting of the basal planes to the TD by addition of Ca. The elongation to failure was increased by addition of Ca, independently of the tensile directions. An increase in elongation to failure by addition of Ca at 90 was larger than those at 0 and 45 . This also corresponds to tilting of the basal planes to the TD by addition of Ca.
for the rolled and subsequently annealed Mg-Al, Mg-Al-Ca and Mg-Al-Zn-Ca-Mn alloys are shown in Fig. 6 , where (a) is the Mg-3Al alloy, (b) is the Mg-3Al-0.1Ca alloy and (c) is the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy. As shown in Fig. 5 , the tensile properties were significantly varied by addition of Ca in the Mg-Zn alloys. However, such large variations in tensile properties by addition of Ca were not found in Mg-Al alloy. This is because a reduction in basal texture intensity by addition of Ca was lower in the Mg-Al alloy than in the MgZn alloys and the basal planes were not titled toward the TD in the Mg-Al-Ca alloy.
Stretch formability
The specimens after the Erichsen tests at room temperature for the rolled and subsequently annealed Mg-Zn and Mg-ZnCa alloys are shown in Fig. 7 , where (a) is the Mg-1.5Zn alloy, (b) is the Mg-1.5Zn-0.1Ca alloy, (c) is the Mg-3Zn alloy and (d) is the Mg-3Zn-0.1Ca alloy. The Erichsen value was 3.4 for the Mg-1.5Zn alloy, 8.2 for the Mg-1.5Zn-0.1Ca alloy, 4.1 for the Mg-3Zn alloy and 8.1 for the Mg-3Zn-0.1Ca alloy, respectively. The stretch formability for the Mg-Zn alloys was significantly enhanced by addition of Ca. The Erichsen values of the Mg-Zn-Ca alloys are comparable with those of commercial Al alloys.
11) An enhanced stretch formability of the Mg-Zn-Ca alloys are closely related to the texture softening originating from the weakening of basal texture intensity and the splitting of basal pole toward the TD. It is suggested that an enhancement in stretch formability by addition of Ca was independent of the Zn concentrations, at least in the range investigated.
The specimens after the Erichsen tests at room temperature for the rolled and subsequently annealed Mg-Al, Mg-Al-Ca and Mg-Al-Zn-Ca-Mn alloys are shown in Fig. 8, where (a) is the Mg-3Al alloy, (b) is the Mg-3Al-0.1Ca alloy and (c) is the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy. The Erichsen value was 5.6 for the Mg-3Al alloy, 6.5 for the Mg-3Al-0.1Ca alloy and 7.6 for the Mg-1Al-1Zn-0.1Ca-0.5Mn alloy, respectively. The stretch formability of the Mg-Al alloy was not significantly enhanced by addition of Ca. This corresponds to the minor variation in basal texture by addition of Ca in the Mg-Al alloy.
Discussion
The previous study has revealed that the basal planes of the rolled Mg alloy tend to be tilted to the RD by addition of only Ca.
10) The tilting of the basal planes to the RD is also observed in hot-deformed Mg with dilute Y addition. 25) Agnew et al. 25) suggested that the splitting of basal planes to the RD is related to the enhanced hc þ ai slip. The other previous studies 26) suggested that the tilting of basal planes to the RD is because of the secondary f10 1 12g twinning within primary f10 1 11g compression twins. Figure 9 shows microstructures of the as-rolled Mg-1.5Zn, Mg-1.5Zn-0.1Ca, Mg3Al and Mg-3Al-0.1Ca alloys. Many deformation twins are observed in all the alloys. It seems that the Mg alloys without Ca addition exhibited more extensive twinning compared with Mg alloys with Ca. This is due to smaller grain size of the Mg alloys with Ca.
15) The suppression of twinning by addition of Ca in Mg alloys indicates that twinning is not likely related to the tilting of basal planes to the RD. The (0002) plane pole figures of the as-rolled Mg-3Al and Mg-3Al-0.1Ca alloys are shown in Fig. 10(c) and (d) . The intensity of basal plane texture was reduced by the Ca addition in the same manner as the rolled and subsequently annealed alloys as shown in Fig. 4 . It is noted that the tilting of basal planes to the RD in Mg-3Al-0.1Ca alloy was more pronounced compared with that in Mg-3Al alloy. Sandlöbes et al. 27) investigated the dislocation motion in the Mg-3 mass%Y alloy deformed at room temperature, and reported that activity of hc þ ai slips are significantly enhanced by Y addition compared with those of pure Mg. Therefore, the tilt of basal planes to the RD in Mg with dilute Ca addition is also suggested to be due to an activation of the pyramidal hc þ ai and/or prismatic hci slips.
The (0002) plane pole figures of the as-rolled Mg-1.5Zn and Mg-1.5Zn-0.1Ca alloys are shown in Fig. 10(a) and (b) . The as-rolled Mg-1.5Zn alloy had almost the same texture as that of the annealed specimen. On the other hand, the clear splitting of basal poles to the TD observed in the rolled and subsequently annealed Mg-1.5Zn-0.1Ca alloy was not observed in the as-rolled Mg-1.5Zn-0.1Ca alloy, indicating that microstructural changes during annealing such as static recrystallization pronounced the splitting of basal planes to the TD. However, it should be noted that the basal planes of the as-rolled Mg-1.5Zn-0.1Ca alloy exhibited much broader distribution to the TD compared with the as-rolled Mg-1.5Zn alloy. This result implies that the tilting of basal planes to the TD occurred not only during annealing but also during rolling. The experimental results showed that the basal planes were split to the TD only in the Mg-(Al)-Zn-Ca alloys. The split to TD indicates that the prismatic hai slip occurs easily during rolling.
28) It was reported in the previous work 3) that the quadruple basal poles were formed by addition of Y in Mg-Zn alloys, suggesting that not only the prismatic hai slip, but also the pyramidal hc þ ai or prismatic hci slip occur. Figure 11 shows the transmission electron micrographs of the Mg-1.5Zn-0.1Ca alloy specimen deformed to 1%, where all dislocations are visible in (a), dislocations having the hai Burgers vector are out of contrast in (b) and dislocations having the hci Burgers vector are out of contrast in (c). In the figures, the TD-ND plane was observed. For example, in the white circles, the dislocations were visible in (b), but not (c), indicating that the dislocation had the hci Burgers vector. This fact indicates that the prismatic hci slip was induced in the Mg-Zn-Ca alloys. Therefore, it is suggested that both the prismatic hai and hci slips occur in the Mg-ZnCa alloy, promoting a splitting of basal plane toward the TD during rolling. The reason why quadruple basal poles were not found in the Mg-Zn-Ca alloys is probably that the Ca content was low.
In the Mg-Al-Ca alloy, no split of basal poles to the TD was found. This indicates that the prismatic hai slip was not induced by addition of Ca in the Mg-Al alloy. Both the prismatic hai and hci (or pyramidal hc þ ai) slips are likely required to promote the texture with a splitting of basal plane toward the TD. The experimental results in the present work suggested that these slips are enhanced by an interaction of Zn and Ca atoms, but neither by addition of sole element nor by an interaction of Al and Ca atoms.
In general, since the hc þ ai and/or hci slips induce the straining to the thickness direction of the rolled Mg alloy, the stretch formability can be enhanced even when the basal planes are aligned parallel to the rolling plane. However, the main contribution to straining in stretch forming is the basal hai slip, whose slip systems are only two. 12, 13) The edge dislocations cannot move through cross-slipping. Hence, the screw dislocations play a dominant role in straining although the prismatic hai slip is required for cross-slipping. Therefore, the stretch formability cannot be enhanced without the prismatic hai slip even when the hc þ ai and hci slips are induced by addition of Ca. The TEM observation revealed that an addition of Ca in Mg-Zn alloys promoted prismatic hai and hci slips at even room temperature. This fact indicates that not only texture softening but also solid solution softening 10) caused by an activation of prismatic hai and hci slips contributes to an enhancement of stretch formability of Mg-Zn-Ca alloy. The c=a ratio was 1.6249 and 1.6242 for the Mg-1.5Zn and the Mg-1.5Zn-0.1Ca alloys, and 1.6246 and 1.6250 for the Mg-3Al and the Mg-3Al-0.1Ca alloys, respectively. Thus, the c=a ratio was not changed by addition of Ca and effects of an interaction of solute atoms could not be explained from the viewpoint of the c=a ratio. The first principles calculations are in progress to understand effects of an interaction of solute atoms on dislocation movement in the slip systems.
Conclusions
The tensile tests and the Erichsen tests at room temperature were performed on seven kinds of Mg alloys: Mg-1.5Zn, Mg-1.5Zn-0.1Ca, Mg-3Zn, Mg-3Zn-0.1Ca, Mg-3Al, Mg-3Al-0.1Ca and Mg-1Al-1Zn-0.1Ca-0.5Mn alloys. The results are concluded as follows.
(1) The intensities of basal texture for the Mg-Zn-Ca alloys were much lower than those for the Mg-Zn alloys. In addition, the basal poles were split toward the TD in the Mg-Zn-Ca alloys. On the other hand, the basal texture was intense and the level curves of texture intensity were broadened to the RD, not to the TD, in the Mg-Zn alloys. (2) The intensity of basal texture for the Mg-Al-Ca alloy was lower than that for the Mg-Al alloy. However, a reduction in basal texture intensity by addition of Ca was lower in the Mg-Al alloy than in the Mg-Zn alloys. In addition, the basal planes were tilted toward the RD in the Mg-Al-Ca alloy. (3) In the Mg-Zn alloys, the 0.2% proof stresses at 45 and 90 were decreased by addition of Ca, while the 0.2% proof stress at 0 was increased by addition of Ca. A decrease in 0.2% proof stress by addition of Ca was larger at 90 than at 45 . Also, an increase in elongation to failure by addition of Ca at 90 was larger than those at 0 and 45 . These variations in tensile properties by addition of Ca corresponded to tilting of the basal planes to the TD. (4) The stretch formability for the Mg-Zn alloys was significantly enhanced by addition of Ca. However, the stretch formability of the Mg-Al alloy was not enhanced by addition of Ca. These results were related to the variations in basal texture by addition of Ca. The tensile direction and the RD was set to 90 . In the figures, the TD-ND plane is observed, and typical dislocations with hci Burgers vector were marked by the white circles.
